Abstract N-methyl-D-aspartate receptors (NMDARs), a subtype of glutamate-gated ion channels, play a central role in epileptogenesis. Recent studies have identified an increasing number of GRIN2A (a gene encoding the NMDAR GluN2A subunit) mutations in patients with epilepsy. Phenotypes of GRIN2A mutations include epilepsy-aphasia disorders and other epileptic encephalopathies, which pose challenges in clinical treatment. Here we identified a heterozygous GRIN2A mutation (c.1341T[A, p.N447K) from a boy with Rolandic epilepsy by whole-exome sequencing. The patient became seizurefree with a combination of valproate and lamotrigine. Functional investigation was carried out using recombinant NMDARs containing a GluN2A-N447K mutant that is located in the ligand-binding domain of the GluN2A subunit. Whole-cell current recordings in HEK 293T cells revealed that the N447K mutation increased the NMDAR current density by *1.2-fold, enhanced the glutamate potency by 2-fold, and reduced the sensitivity to Mg 2?
Introduction
N-methyl-D-aspartate receptors (NMDARs) are one of the major ionotropic glutamate receptors that play a critical role in excitatory synaptic transmission, synaptic plasticity, and brain development [1] . Dysfunction of NMDARs is associated with a spectrum of neurological and psychiatric disorders [2, 3] . Functional NMDARs are heterotetramers usually composed of two glycine/D-serine-binding obligatory GluN1 subunits and two glutamate-binding regulatory GluN2 subunits (GluN2A-2D), which are encoded by GRIN1 and GRIN2A-2D, respectively. Each NMDAR subunit has four discrete modules: an extracellular amino-terminal domain, a ligand-binding domain (LBD), a transmembrane domain, and a C-terminal domain [1] . For the past few years, advances in genomic technologies have led to a rapid increase in the discovery of novel epilepsyassociated genes. Among them, a large proportion Xing-Xing Xu and Xiao-rong Liu have contributed equally to this work.
comprises ion channels and neurotransmitter receptors [4] [5] [6] . Interestingly, recent studies have demonstrated an association between epilepsies and mutations in GRIN1 [7] [8] [9] , GRIN2A [10] [11] [12] [13] [14] [15] [16] [17] , GRIN2B [18, 19] , and GRIN2D [20] .
GRIN2A, which encodes the GluN2A subunit, is one of the most relevant epilepsy genes. More than 70 GRIN2A gene mutations have been identified in patients with epilepsy, commonly focal epilepsy with speech disorder (epilepsy-aphasia syndromes) [12, 15, 16] . Recently, the phenotypic spectrum of the GRIN2A mutation has been extended to more severe epilepsies such as early-onset epileptic encephalopathy [10, 11] . Functional studies on GRIN2A mutations have indicated a diversity of functional alterations [10, 12, 18] . Several mutations lead to gain-offunction of NMDARs [10] [11] [12] 14] , while others have revealed a loss-of-function effect or lack functional deficits [13, 17] . The mechanisms underlying the diverse functional alterations are mostly unknown. Distinct correlations between phenotypes and functional changes have not been defined, either.
We recently identified a GRIN2A missense mutation (c.1341T[A, p.N447K, hereafter referred to as GluN2A-N447K) from a pediatric patient with Rolandic epilepsy (focal epilepsy with centro-temporal spikes) by wholeexome sequencing. Whole-cell current recordings were performed to determine the functional effect of this mutation. To further understand the mechanism underlying the functional changes, the impact of alternative substitutions at residue N447 was examined.
Materials and Methods

Whole-Exome Sequencing
The patient with the GRIN2A mutation c.1341T[A, p.N447K was treated at the Epilepsy Center of the Second Affiliated Hospital of Guangzhou Medical University in 2009. This patient was clinically diagnosed as having Rolandic epilepsy of unknown etiology. In order to determine the etiology of the epilepsy, whole-exome sequencing was performed.
A blood sample was obtained after the patient and his guardian had given written informed consent. Genomic DNA was extracted from peripheral blood using a QuickGene DNA whole blood kit L (Fujifilm, Tokyo, Japan). To systematically screen for the disease-associated variants in this patient, exome sequencing was conducted on the Illumina HiSeq 2500/4000 platform by BGIShenzhen (Shenzhen, China). The exome library was constructed with 3 lg of gDNA, which was randomly sheared by sonication and hybridized to the Nimblegen SeqCap EZ Library for enrichment in targeting exonic DNA, according to the manufacturer's instructions. Pairedend reads with a length of 90 bp were generated by massively parallel sequencing with [1259 average depth and[98% coverage of the target region, which fulfilled the quality test. Variants having potential clinical significance were confirmed by Sanger sequencing.
Molecular Modeling of NMDAR Domains
The LBD-located residue N447, at which the mutation had occurred, was modeled based on the crystal structure of the GluN1/GluN2A LBD (PDB ID 5I57) [21] using Chimera software (University of California, San Francisco). The schematic architecture of the GluN1/GluN2A NMDAR was drawn using Adobe Illustrator CS6.
cDNA Construction, Cell Culture, and Transfection N447K, N447A, and N447E exchange mutants of rat GluN2A cDNA (GluN2A-N447K, GluN2A-N447A, and GluN2A-N447E) were generated by site-directed mutagenesis [22] from the plasmid pcDNA1.1
? -GluN2A. The GFP-tagged version of N447K (GFP-GluN2A-N447K) was made from the plasmid GFP-GluN2A [23] . These vectors were all confirmed by DNA sequencing. Human embryonic kidney (HEK) 293 and 293T cells were grown in Dulbecco's Modified Eagle's Medium (Gibco, Grand Island, NY), supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco) in a 5% CO 2 incubator at 37°C. The cDNA constructs were transfected into the cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. To protect the cells from NMDAR-mediated toxicity, 200 lmol/L D,L-2-amino-5-phosphonovaleric acid (Sigma) and 1 mmol/L kynurenic acid (Sigma) were added to the culture medium.
Whole-Cell Recordings
HEK 293T cells were co-transfected with the cDNA constructs EGFP, GluN1-1a, and wild-type GluN2A (hereafter referred to as GluN2A-WT) or mutant GluN2A, at a ratio of 1:30:40. Twenty-four hours after transfection, the EGFP-positive cells were patch-clamped at room temperature (22°C-25°C) using an Axopatch 200B amplifier (Molecular Devices, Union City, CA). We set whole-cell parameters (capacitance and series resistance) and adjusted the series resistance compensation to *80% during the whole-cell experiments. The recording chamber was continuously perfused with an extracellular solution composed of (in mmol/L) 135 NaCl, 5 KCl, 2 CaCl 2 , 10 HEPES at pH 7.4 with NaOH and the osmolarity was adjusted to 300 mOsm with sucrose. Electrodes were made on a vertical pipette puller (Narishige PC-10, Tokyo, Japan) and those with a resistance of 3 MX-5 MX were used. The internal solution filling in the electrodes contained (in mmol/L) 140 CsCl, 2 MgATP, 10 EGTA, 10 HEPES at pH 7.3 with CsOH, and the osmolarity was *300-310 mOsm [24] . Drugs were applied to the lifted cells using an RSC-160 system (Biologic Science Instruments, Claix, France). The drug solutions for glutamate dose-response experiments were made from glutamate stock solution (100 mmol/L) each time and were diluted in the extracellular solution. (1 lmol/L-300 lmol/L) and Zn 2? (3 nmol/L-1000 nmol/ L) concentration-response experiments were prepared fresh daily from a MgCl 2 stock solution (1 mol/L) and a ZnSO 4 stock solution (0.1 mol/L)). The percentage current was normalized to the current value obtained at 100 lmol/L glutamate and 20 lmol/L glycine [11] . HEK 293T cells were clamped at -60 mV, and 100 lmol/L glutamate and 20 lmol/L glycine were used in all of the whole-cell recordings unless otherwise stated. The agonist concentration-response data and the inhibitory concentration-response data were fitted with equations 1 and 2, respectively, as follows.
where nH is the Hill slope, EC 50 is the agonist concentration that elicited a half-maximal response, and IC 50 is the concentration that produced a half-maximal inhibition [25] . All reagents were from Sigma. Off-line data analysis, curve fitting, and figure preparation were performed with Clampfit 9 (Axon Instruments), GraphPad Prism 5.0, and Adobe Illustrator CS6.
Surface Immunofluorescence Staining and Quantitative Analysis
The protocols used for surface immunofluorescence staining and quantitative analysis were as described previously [23] . GluN1-1a/GFP-Glu2A or GluN1-1a/GFP-Glu2A-N447K cDNAs were co-transfected into HEK 293 cells. Twenty-four hours after transfection, cells were rinsed once with PBS, and then incubated with rabbit anti-GFP antibody (Chemicon) for 7 min, rinsed 3 times in the extracellular solution, and then incubated with goat antirabbit Alexa-546-conjugated secondary antibody (Invitrogen) for another 7 min. After rinsing 3 times again in the extracellular solution, the cells were immediately fixed in 4% paraformaldehyde for 10 min. All procedures were performed at room temperature. Images were acquired with a fluorescence microscope (BX51, Olympus). Intensity measurements were performed using MetaMorph image analysis software (Universal Imaging, West Chester, PA). The average intensity of the surface fluorescence was determined for the regions outlined around the transfected HEK 293 cells. The surface intensities of wild-type and mutant NMDARs were both normalized to the average surface intensity of the wild-type NMDARs. Means were obtained from three different cultures.
Statistical Analysis
All data values are expressed as mean ± SEM derived from at least three separate transfections. 
Results
Identification of the Mutation
A heterozygous GRIN2A mutation, c.1341T[A (N447K) (Fig. 1A) , was identified in a patient with Rolandic epilepsy. The patient was a 17-year-old boy with normal delivery and development. He presented his first seizure during sleep at nine years of age. It was described as a convulsive seizure, most likely a generalized tonic-clonic seizure, and it lasted for about one minute. Later, he presented two partial seizures during sleep, starting with opening of the eyes, followed by head raising. Electroencephalogram monitoring showed remarkable interictal high-voltage spikes and spike-and-slow waves in the bilateral central-temporal regions, predominantly on the right (Fig. 1B) . The discharges were aggravated by sleep, with spike-and-slow wave indexes *50%-60%, which did not achieve the criterion for continuous spike-and-wave during sleep (C80%). A diagnosis of Rolandic epilepsy was made. The patient was given valproate at 25 mg/kg per day initially. After being seizure-free for three months, the seizures recurred. Lamotrigine (2.5 mg/kg per day) was added, and the patient has been seizure free from that time.
His mother complained of his mild hyperactivity since the onset of seizures, but no speech and language problems were presented. The family history of epilepsy and febrile seizures was negative. The physical examination and intelligence test were normal. Brain magnetic resonance imaging was negative.
Residue N447 is located in the S1 segment of the extracellular LBD of the GluN2A subunit and in a loose loop at the edge of the LBD, which is somewhat distant from the glutamate-binding core (Fig. 1C, D) . The mutation c.1341T[A (N447K) was predicted not to damage the function of the protein by PolyPhen-2 and MutationTaster. However, this mutation occurs in the population at a frequency of \0.5% (0.004143% in the general population and 0.0583% in East Asians) in the ExAC database (http:// exac.broadinstitute.org/variant/16-9934949-A-T). Further physiological studies were performed to determine its impact on channel function. Residue N447 is highly conserved across higher vertebrates (Fig. 1E) . Alternative substitutions with an uncharged or negatively-charged amino-acid were found in lower vertebrates (anamniotes), such as a substitution by alanine (N447A) in zebrafish, on which further functional studies were also performed.
GluN2A-N447K Increases NMDAR Current Density
With co-expression of GluN1 and GluN2A subunits in HEK 293T cells, we found that the average current density of GluN1/GluN2A-N447K NMDARs recorded at a holding potential of -60 mV was 22% higher than that of the GluN1/GluN2A-WT NMDARs (174.1 ± 12.5 pA/pF, n = 22 versus 143.0 ± 9.1 pA/pF, n = 25 for wild-type; P = 0.0470), which was evoked by 100 lmol/L glutamate and 20 lmol/L glycine ( Fig. 2A, B ; Table 1 ), suggesting that the N447K mutation results in a mild gain-of-function of NMDARs.
GluN2A-N447K Enhances Glutamate Potency
To test whether the mutant changes glutamate sensitivity, we performed glutamate concentration-response assessments for GluN1/GluN2A-WT and GluN1/GluN2A-N447K NMDARs. They showed that GluN2A-N447K-containing NMADRs enhanced glutamate potency, with a significantly lower half-maximally effective concentration (EC 50 ) than that of GluN1/GluN2A-WT NMDARs (4.0 ± 0.4 lmol/L, n = 6 versus 8.1 ± 0.9 lmol/L, n = 6 for wildtype; P = 0.0016) ( Fig. 2C, D , a slightly larger current flow was recorded in the mutant NMDARs at -30 mV (72.1 ± 4.6%, n = 11 versus 61.5 ± 4.0%, n = 9 for wild-type; P = 0.1097), but it was not statistically significant ( Fig. 3A, B ; Table 1 ). The Mg 2? concentration-response curve for the mutant shifted to the right, with a significantly higher IC 50 (48.9 ± 5.2 lmol/L, n = 6 versus 28.6 ± 4.3 lmol/L, n = 6 for wildtype; P = 0.0138), when the membrane potential was held at -60 mV ( Fig. 3C, D ; Table 1 ). These data indicated that GluN2A-N447K decreases Mg 2? inhibition of NMDARs. 79.0 ± 6.5 (7) 110.1 ± 15.8 (6) The data are expressed as mean ± SEM. a At the holding potential of -60 mV.
b Percentage current remaining in the presence of 300 lmol/L MgCl 2 at -30 mV.
* P \ 0.05 compared with GluN2A-WT, unpaired t-test.
** P \ 0.01 compared with GluN2A-WT, unpaired t-test.
GluN2A-N447K Does Not Affect Negative Allosteric Modulation
The function of GluN2A-containing NMDARs can be allosterically modulated by endogenous Zn 2? [28, 29] . The GluN2A-D731N mutation located within the LBD domain changes Zn 2? inhibition [17] . We therefore tested whether the N447K mutation affects Zn 2? inhibition of NMDARs. Concentration-response analysis showed that there was no detectable difference in percentage NMDAR current between the mutant and wild-type NMDAR at any concentration of Zn 2? . The IC 50 values were comparable (110.1 ± 15.8 nmol/L, n = 6 versus 79.0 ± 6.5 nmol/L, n = 7 for wild-type; P = 0.0802) (Fig. 3E, F ; Table 1 ).
GluN2A-N447K Does Not Alter Surface Expression
We quantified the surface expression level of GluN2A-N447K-containing NMDARs by immunofluorescence staining. Transfection of GluN1/GluN2A and GluN1/GluN2A-N447K into HEK 293 cells both led to abundant distribution in the membrane and cytoplasm. The normalized average intensity of GluN1/GluN2A-N447K NMDARs on the cell surface showed no significant alteration when compared to wild-type NMDARs (1.05 ± 0.06, n = 48 versus 1.00 ± 0.07, n = 68 for wild-type; P = 0.3225) (Fig. 4A, B) . This result further suggested that the increased whole-cell NMDAR current density is not due to changes in surface expression, and enhanced glutamate sensitivity may be the main reason.
Impact of Alternative Substitutions at N447 on NMDAR Function
Whether a mutation has a functional impact is useful in evaluating its pathogenicity. Diverse functional changes have been detected for epilepsy-associated missense mutations, and the locations of the mutations are one of the determinants [10] [11] [12] [13] [14] [15] [16] [17] . Alternative substitution is another potential consideration. Sequence alignment showed that amino-acids at the homologous site of this residue in different NMDAR subunits are all uncharged or negatively-charged. To determine whether alternative substitutions at the N447 residue have different functional consequences, the effects of N447A and N447E mutations, which are uncharged and negatively-charged, respectively, were tested. The current density of GluN1/GluN2A-N447K NMDARs was *20% higher than that of GluN1/GluN2A-WT NMDARs (162.8 ± 8.6 pA/pF, n = 20 versus 130.9 ± 9.7 pA/pF, n = 20 for wild-type; P \0.05), however, the current density of GluN1/GluN2A-N447A and GluN1/ GluN2A-N447E NMDARs was similar to that of GluN1/ GluN2A-WT NMDARs (N447A: 128.7 ± 10.6 pA/pF, n = 14; P[0.05; N447E: 133.0 ± 10.5 pA/pF, n = 14; P[0.05) ( Fig. 5A, B ; Table 2 ). The concentration-response curves showed that only GluN2A-N447K increased the glutamate potency (EC 50 = 4.9 ± 0.5 lmol/L, n = 5 versus 8.6 ± 0.8 lmol/L, n = 5 for wild-type; P \0.001), and neither GluN2A-N447A nor GluN2A-N447E changed the glutamate-evoked NMDAR current (N447A: EC 50 = 7.6 ± 0.4 lmol/L, n = 5; P[0.05; N447E: EC 50 = 8.1 ± 0.6 lmol/L, n = 5; P [0.05) ( Fig. 5C ; Table 2 ). This result suggested that the properties of the residue at site 447 are important for NMDAR function.
Discussion
Epilepsy is a disorder with diverse clinical manifestations and etiology. About 70%-80% of cases are believed to be due to one or more genetic factors [30] . Thus, the identification and functional analysis of the causative genes of epilepsy will lead to a better understanding of its pathogenic mechanisms, which would contribute to precision treatment in the future [11, 31, 32] . Recent studies have identified an increasing number of GRIN2A mutations in patients with epilepsy [12, 15] . However, the majority of the mutations have been found in families with incomplete penetrance or intra-familial variability, leading to suspicions concerning the pathogenicity of the mutations [12, 15, 16] . Functional studies are used to determine the impairments caused by gene mutations and thus they are helpful in evaluating the pathogenicity of mutations in the GRIN2A gene. In the present study, the GluN2A mutation N447K revealed a mild gain-of-function effect due to increased NMDAR current density and enhanced glutamate potency as well as decreased Mg 2? inhibition, supporting its pathogenic potential in epilepsy. In contrast, alternative substitutions at the residue N447 by alanine and glutamic acid (N447A and N447E) did not impact NMDAR function, providing a possible explanation for the diverse functional effects of GRIN2A variants.
Previous studies have demonstrated a gain-of-function effect in several GRIN2A mutations, including P552R [33, 34] , N615K [10] , F652V [15] , L812M [11] , and M817V [14, 35] . For the most part, these mutations present more severe phenotypes and apparent functional changes. The patient with N447K in this study presented relatively mild Rolandic epilepsy without aphasia. Functional studies revealed a relatively milder gain-of-function effect featuring a *1.2-fold increase in NMDAR current density and a 2-fold enhancement of glutamate potency, coincident with the mild clinical phenotype. Topologically, residue N447 is located in a loose loop at the edge of the LBD, which is relatively distant from the glutamate-binding core. This might explain the less severe functional impairment and subsequently milder clinical phenotype.
Two recent studies have identified GRIN2A mutations with loss-of-function effects or without apparent physiological deficits [13, 17] , indicating a complex relationship between GRIN2A mutation and epilepsy. Considering the possibility of other pathogenic mechanisms like a dominant negative effect, the pathogenicity of mutants without Fig. 5 Impact of alternative substitutions at N447 on NMDAR function. A Representative current traces of GluN1/GluN2A-WT, GluN1/GluN2A-N447K, GluN1/GluN2A-N447A, and GluN1/ GluN2A-N447E NMDARs evoked by 100 lmol/L glutamate and 20 lmol/L glycine at -60 mV (current scale bar, 1 nA; time scale bar, 2 s). B Quantitative analysis of whole-cell current density induced by co-agonists as in (A). C The glutamate concentration-response curves of GluN1/GluN2A-WT (black), GluN1/GluN2A-N447K (red), GluN1/GluN2A-N447A (blue), and GluN1/GluN2A-N447E (green) NMDARs were plotted by measuring the peak current evoked by graded doses of glutamate and 20 lmol/L glycine. The recordings were performed by whole-cell patch clamp at a holding potential of -60 mV after heterologous expression of the mutants and GluN1 in HEK 293T cells. The data are expressed as mean ± SEM. a At the holding potential of -60 mV.
* P \ 0.05 compared with GluN2A-WT, one-way ANOVA.
*** P \ 0.001 compared with GluN2A-WT, one-way ANOVA.
functional deficits could not be excluded. Further studies are required to determine the correlations between functional alterations and phenotypes of GRIN2A mutations and the underlying mechanisms. In the current study, alternative substitutions at residue N447 by alanine and glutamic acid (N447A and N447E) did not show functional deficits, suggesting that the chemical properties of the substituted amino-acid are also one of the determinants for functional changes. Sequence alignment showed that the amino-acids at the homologous site of this residue in different NMDAR subunits are all uncharged or negatively-charged. It is likely that substitution of a positively-charged lysine (K) may increase the attraction to glutamate through conformational changes and thus enhance the glutamate potency. In contrast, alanine is uncharged and glutamic acid is negatively-charged, in accordance with the polarity of the residue in wild-type NMDAR subunits. Therefore, a change in the polarity of the amino-acid in missense mutations may help to predict their functional alterations.
In conclusion, we identified a GRIN2A mutation N447K in a patient with Rolandic epilepsy without language or intelligence disability. Biophysiological studies of the mutant revealed a relatively mild functional change, which may explain the mild clinical phenotype. Further functional studies on alternative substitutions at N447 provided insight into the mechanism underlying the diverse functional effects of GRIN2A variants. Our study leads to a better understanding of the role of NMDARs in epilepsy and will be helpful in the genetic diagnosis of epilepsy as well as in developing precision therapies for patients who carry GRIN2A mutations.
